Systems with broken spatial inversion symmetry present a fascinating playground for the design of thought-intriguing ferroic behaviors[@b1] and the emergence of unexpected transport phenomena[@b2]. In magnetic solids lacking inversion symmetry, chiral magnetism can appear, which has been attracting increasing interest in the past ten years, with the direct observation of spin spirals and skyrmions in bulk crystals such as MnSi[@b3] or Fe~0.5~Co~0.5~Si[@b4]. In these systems, the bulk inversion asymmetry results in the appearance of a Dzyaloshinskii-Moriya interaction[@b5][@b6][@b7] (DMI) that gives rise to these chiral spin textures[@b8][@b9][@b10].

Another appealing class of systems in which chiral magnetic states have been recently unveiled are magnetic films and multilayers with interfacial inversion symmetry breaking. These systems are usually composed of an ultrathin (1 to 2 monolayers) layer of magnetic transition metal material (Mn, Fe etc.) deposited on top of a heavy metal (HM) substrate, such as Ir, Pd, W etc. Spin spirals were first observed by Bode *et al.*[@b11] on Mn/W(110) and shortly later extended to Mn/W(100)[@b12], Cr/W[@b13][@b14], Fe/Ir[@b15][@b16] and Pd/Fe/Ir[@b17] systems. In contrast to the bulk crystals mentioned above where chiral states are obtained within a certain range of magnetic field and temperature, all these surfaces display spontaneous spin spirals and even a skyrmion crystal phase and single skyrmions[@b16][@b17] at low temperature. Numerical studies have demonstrated the seminal role of spin-orbit coupling in the form of DMI in the emergence and stabilization of these chiral magnetic textures.

These magnet/heavy-metal interfaces are currently being intensively investigated from the standpoint of mainstream spintronics with the recent development of spin-orbit torques[@b18][@b19]. Indeed, the large current-driven torques arising from strong interfacial spin-orbit coupling[@b20][@b21][@b22][@b23][@b24] in such ultrathin asymmetric structures constitute a promising means to electrically control of the magnetization direction and domain wall motion. In a recent work, Heide *et al.*[@b25] showed that interfacial DMI can alter the structure of magnetic domain-walls favoring Néel over Bloch configuration and leads to a stabilization sustaining a higher domain-wall speed[@b26]. Combined with spin-orbit torques, such distorted domain-walls are expected to display very large velocities, propagating against the electron flow[@b27][@b28]. These Néel walls have been recently identified using spin-polarized low-energy electron microscopy in asymmetric multilayers involving Ni/Ir and Ni/Pt interfaces[@b29][@b30] or using NV center magnetometry in AlO~*x*~/Co/Pt trilayers[@b31]. Today, the DMI of metal interfaces is one of the most demanded properties in magnetism and different attempts have been engaged to validate and quantify the magnitude of DMI in these systems, e.g. by analyzing the asymmetric creep motion of these domain walls or directly by Brillouin light scattering[@b32][@b33][@b34][@b35]. In the light of these recent achievements, the design of materials displaying large DMI constitutes a major goal in the development of current-controlled chiral domain walls, spin spirals and skyrmions[@b36][@b37][@b38].

In this work, we propose a new concept to fine-tune the DMI by manipulating the degree of electronic asymmetry at the interfaces of a heavy metal/ferromagnet thin film through modification of the electric interface dipole by the adsoption of electronegative ions at the surface. We validate this proposal by demonstrating that the magnitude and sign of the DMI of asymmetric ultrathin films can be widely tuned by controlling oxygen coverage. Although we demonstrate this effect in detail for oxygen, there is no doubt that it is much more general and should also apply to other ions whose electronegativity is larger than that of the heavy metal substrate, e.g. C, N, F, Cl, Br, I. An alternative manipulation of the DMI through modification of interface dipole using an external electric field has recently been successfully applied to switch between a magnetic skyrmion and the ferromagnetic state[@b39]. Besides DMI, we explain in addition how other magnetic interactions, i.e. exchange interaction and the magnetocrystalline anisotropy energy (MAE), at such transition-metal interfaces are modified in the presence of oxygen. Since complex magnetic structures such as, for example, skyrmions depend on a fine balance of these interactions, electronegative ions at interfaces may provide new opportunities to stabilize such structures. To demonstrate the effect, we consider a bilayer composed of a monolayer (ML) of Fe deposited on Ir(001) covered by O atoms of different coverage. In particular, we observe that DMI changes sign when the coverage exceeds 50%. This study reveals that in systems grown for technological use, which are typically capped by an oxide[@b34][@b36][@b38], such as MO~*x*~/FM/HM (FM a ferromagnet and MO~*x*~ might be MgO~*x*~, AlO~*x*~, CoO~*x*~ etc.), the DMI can be tuned by changing the oxidation conditions of the capping layer, offering a convenient way of control.

Methods
=======

First-principles calculations
-----------------------------

We have determined the electronic, structural and magnetic properties of O/Fe/Ir(001) system by performing density-functional theory (DFT) calculations in the local density approximation (LDA)[@b40] to the exchange correlation functional, using the full-potential linearized augmented plane wave (FLAPW) method in film geometry[@b41] as implemented in the FLEUR code[@b42]. The system was modeled by an asymmetric film consisting of a monolayer of Fe in fcc stacking on seven layers of Ir representing the Ir(001) substrate. The Fe surface was covered with O at five different coverages Θ = 0, 0.25, 0.5, 0.75 and 1 ML (see [Fig. 1(a)](#f1){ref-type="fig"}), defined relative to the number of Fe atoms per unit area. All atomic surface structures obey the *C*~4*v*~ point symmetry with the exception of Θ = 0.5; here the symmetry is reduced to *C*~2*v*~ in the energetically preferred adsorption geometry (see [Fig. 1(a)](#f1){ref-type="fig"}). Thus Θ = 0, 1ML represent the plain Fe/Ir bilayer and the limit of full coverage, respectively. All calculations are carried out in the *p*(2 × 2) unit cell, using the experimental Ir bulk lattice constant of *a*~bulk~ = 3.84 Å. For each of the five oxygen coverages the atom positions of the O, Fe and three topmost Ir layers where optimized for four different collinear states: the FM (ferromagnetic) state and the row-wise *p*(2 × 1)-, *p*(1 × 2)-, and checkerboard *c*(2 × 2)-AFM (antiferromagnetic) states, as displayed in [Fig. 1(a)](#f1){ref-type="fig"}. Then, the global magnetic ground state was explored starting for each coverage with the atomic structure of the lowest-energy collinear magnetic configuration by calculating self-consistently the total energy for homogeneous spin-spirals. The energy of these spin spirals of wave vector *q*, taken along high-symmetry directions of the two-dimensional Brillouin zone (2D-BZ), were calculated using the generalized Bloch theorem[@b43]. On-top we added the spin-orbit coupling (SOC) by first-order perturbation theory[@b44] to evaluate the contribution of DMI to the total energy in the vicinity of the spin-spiral ground state obtained without SOC. The MAE is obtained for all O-coverages and all collinear states at relaxed geometry as total-energy difference for two different magnetization directions employing the force theorem. Note that high computational accuracy is required since energy differences between different magnetic orderings are tiny (\~meV) in the present case. We considered 512 and 1024 --points in the 2D-BZ for scalar relativistic, and the calculation with SOC, respectively.

Results
=======

Magnetic ground states and spin interactions in O/Fe/Ir(001)
------------------------------------------------------------

In the case of low O coverage, namely for Θ = 0 and 0.25 ML, the Fe ML exhibits a clear antiferromagnetic behavior and adopts the checkerboard *c*(2 × 2)-AFM order (see [Fig. 1(b)](#f1){ref-type="fig"}). For high O coverage, i.e. Θ = 0.75 and 1 ML, the Fe ML is again antiferromagnetic and displays the *p*(2 × 1)-AFM configuration. Interestingly, for an ordered half-ML of oxygen, the *p*(1 × 2)-AFM state is energetically favored over the *c*(2 × 2)-AFM configuration by \~22 meV/Fe (*p*(2 × 1)-AFM by \~36 meV/Fe), which itself lies 1.34 meV/Fe below the FM state (see [Fig. 1(b)](#f1){ref-type="fig"}). Within the accuracy of our calculations, the FM and the *p*(1 × 2)-AFM configurations become almost degenerate. The extremely small energy difference between *p*(2 × 1)- and FM configurations at 0.5 ML O coverage indicates a strong influence of the oxygen on the magnetic ordering and the weakening of the AFM interaction due to hybridization with the Fe atoms. Indeed, Fe-O hybridization increases the Fe-Ir interlayer distance upon oxygen adsorption, and consequently changes the interaction between the Fe atoms and their hybridization with the Ir substrate. Most importantly, this particular coverage breaks the *C*~4*v*~ symmetry with respect to the Ir coordination as compared to the oxygen-free case. It should be noted that atomic relaxations, which can strongly influence the magnetic ground state, are very important for the stabilization of the magnetic ordering. These results are in excellent agreement with the theoretical study at the LDA-PAW level by Máca *et al.*[@b45], who predicted the same energetic orderings at 0.5 ML as that in [Fig. 1(b)](#f1){ref-type="fig"}.

For coverages above 0.5 ML, the magnetic ordering is strikingly different from the lower coverages of oxygen in which the *p*(2 × 1)-AFM state becomes energetically favorable among all states. The FM configuration assumes an intermediate position between *p*(2 × 1)- and checkerboard *c*(2 × 2)-AFM. The occurrence of this magnetic configuration has also been confirmed for 1 ML[@b45]. This gives us confidence that we capture the correct trend in magnetic orderings already within the employed model of (2 × 2) geometry. From the above results we can conclude that the AFM state is preferred over the FM exchange interaction in the whole coverage range of O except at 0.5 ML in which the AFM and FM states are degenerate.

By mapping the results onto a two-dimensional (2D) classical Heisenberg model, we can determine the exchange constants between moments of Fe adatoms on Ir(001) substrate. The corresponding Heisenberg Hamiltonian that describes the magnetic interaction is given by where *J*~*ij*~ is the exchange interaction constant between two spins at sites *i* and *j*, and its sign determines whether FM () or AFM () spin alignment between *S*~*i*~ and *S*~*j*~ is energetically favored. Such a phenomenological model with fixed spin values depends weakly on the magnetic moment of Fe atoms with respect the O coverage and magnetic order [Fig. 1(c)](#f1){ref-type="fig"}. For a two-dimensional square lattice, the nearest neighbor (NN) and next-nearest neighbor (NNN) exchange constants *J*~1~ and *J*~2~, respectively, can be estimated from the total energies of the different magnetic configurations by mapping them to a Heisenberg model. The corresponding exchange constants are defined as[@b45]

The coverage dependence of the exchange constant is shown in [Fig. 1(d)](#f1){ref-type="fig"}. The most remarkable feature is the dramatic change of the leading first-NN interaction *J*~1~, from the strongly AFM coupling for the lower oxygen coverages to the FM for the higher coverages, roughly beyond 3/8 ML. Note that the variation of the first- and second-NN exchange interactions mimic the energies of the magnetic ordering \[see [Fig. 1(b)](#f1){ref-type="fig"}\]. Regarding the NNN exchange interaction *J*~2~, we find that the sign has an oscillating behavior in the considered coverage range due to the competition of FM and AFM order beyond the next NN. The NNN interaction has the AFM character above 0.5 ML. However, for lower coverages around Θ = 0.25 both *J*~1~ and *J*~2~ are of comparable magnitudes and become nearly degenerate at Θ = 0.5, which leads to pronounced frustration of the competing exchange interactions of these AFM states. *Thus, we expect the possibility of a noncollinear ground state close to this transition point*.

Spin-spirals and Dzyaloshinskii-Moriya interaction
--------------------------------------------------

The small exchange interaction obtained at 0.5 ML indicates that even small SOC can be a central ingredient in the stabilization of complex magnetic textures. This suggests extending the calculations by including spin spirals and relativistic effects (i.e. magnetic anisotropy and DMI), which can contribute significantly to the formation of chiral domain walls and skyrmions. In order to understand whether the formation of spiral spin textures is energetically favorable in O/Fe/Ir(001), we consider the energy of planar spin-spirals with wavevector **q** along the high symmetry lines in the irreducible 2D-BZ. Considering the propagation vector **q** along the direction, the magnetic moment of an atom at site **R** points in the direction . The magnitude of the wave vector **q** is then varied from **q** = 0 (FM state) to , where *a*′ is the lattice constant of the *p*(2 × 2) unit cell , which is the maximum of **q**-vector along direction in the corresponding 2D-BZ of *p*(2 × 2) unit cell (the corresponding 2D-BZ is smaller by a factor 2 compared to the *p*(1 × 1) unit cell). Notice that by the calculation of the spin spiral we can cover all possible magnetic phases that can be described by a single **q**-vector. For instance, the high-symmetry points , , and , which correspond to the previously discussed collinear states: FM, checkerboard *c*(2 × 2)-AFM, and row-wise *p*(2 × 1)− or *p*(1 × 2)-AFM state, respectively, are attainable by extending the spin-spiral vector until or in the 2D-BZ.

When considering the SOC for a spin-spiral state, two additonal energy contributions appear. The first contribution is the MAE, of the form with the magnetic anisotropy energy *K*~*i*~ and the angle *φ*~*i*~ between the easy axis at site *i* and the magnetization axis. The second contribution is the antisymmetric DMI, which in terms of a spin model is of the form , where **D**~ij~ is the DM vector, which determines the strength and sign of DMI. Note that the spin-wave configurations depend on the different combinations of the rotation axis **R** with the wave-vector propagation **q**, which are essentially important in defining the sign and direction of DMI. Based on the symmetry analysis by Moriya[@b6], if we consider the Néel-type out-of-plane configuration along the high-symmetry direction (\[100\] or \[010\]), then the **q** vector should be perpendicular to **R** (**R** ⊥ **q**) with no mirror plane due symmetry breaking at the interface. In this case we conclude that the **D**~ij~ vector is oriented in plane and normal to the **q** vector (see [Fig. 2(b)](#f2){ref-type="fig"}). However, because of the preserved mirror-plane according to the symmetry argument[@b6] the DMI term must vanish for both configurations, Bloch-type spin-spiral with () and Néel-type in-plane with (**R** ⊥ **q**) (see [Fig. 2(a,c)](#f2){ref-type="fig"}).

Starting from the FM configuration, we calculated the energy dispersion of Néel spirals *E*(*q*′) including the SOC for *q*′ along the high-symmetry directions and \[[Fig. 3(a,c)](#f3){ref-type="fig"}\] for Fe/Ir(001) and O/Fe/Ir(001)--(Θ = 0.5), respectively. Because of the *C*~4*v*~ (fourfold) symmetry-breaking at 0.5 ML, the and directions in the 2D-BZ are no longer equivalent \[see the inset of [Fig. 3(a)](#f3){ref-type="fig"}\]. When the energy along the high symmetry lines of the 2D-BZ is lower than any of the collinear magnetic phases studied previously, the system most likely adopts an incommensurate spin-spiral magnetic ground-state structure.

For Fe/Ir(001), when excluding the SOC from the calculations, the energy dispersion is symmetric around the Γ and M points in the direction with a local energy minimum at , located about 11 meV/Fe atom below the AFM state (*q*′ = 0) (see blue line in [Fig. 3(a)](#f3){ref-type="fig"}). The energies are given relative to the *c*(2 × 2) -AFM state. By considering a deviation from , the wave vector can be written in the form and , which corresponds to AFM states, and points, respectively. Thus, the period length of the AFM (*q*′ = 0) is defined to be infinite in notion of the magnetic supercell . The positive and negative values of vector *q*′ refer to a counter-clockwise and clockwise rotating spiral, respectively. However, for larger angles *θ* between adjacent moments, i.e., for a shorter wave length \|*λ\|* of the spin-spiral, the energy rises faster due to the strong AFM-NNN exchange coupling and spin-spiral configurations become unfavorable. Note that this picture changes significantly in the presence of SOC, since the DMI is strong enough to compete against the Heisenberg exchange and MAE averaged over the pitch of the spiral () that favors an in-plane easy axis ([Fig. 3(a)](#f3){ref-type="fig"}, see also [Table 1](#t1){ref-type="table"}). Interestingly, the SOC breaks the inversion symmetry between left and right-hand rotating structures (see [Fig. 3(a)](#f3){ref-type="fig"}), and leads to an antisymmetric exchange DMI that contributes for small *q*′ by a linear term in *λ*^−1^ to the total energy ([Fig. 3(b)](#f3){ref-type="fig"}), giving rise to a unique direction of the vector spin chirality of our magnetic structure[@b15]. As a result, the strong DMI lifts the degeneracy of the spin-spiral ground state in favor of the left-handed (cycloidal) spin-spiral with a significant energy gain of about 17 meV per Fe atom, which leads finally to a spin-spiral ground state with a pitch of \|*λ*~0~\| ≈ 0.5 nm. Apart from the different magnetic ground state this behavior is similar to the one found for Fe/Ir(111), where the large DMI interaction can lead to the formation of skyrmions[@b16][@b46].

Oxygen-enabled control of Dzyaloshinskii-Moriya interaction
-----------------------------------------------------------

However, the situation changes dramatically in the case of 0.5 ML oxygen coverage, as displayed in [Fig. 3(c)](#f3){ref-type="fig"}. For both directions, the energy difference between Néel spirals and *p*(1 × 2)-AFM state is significantly decreased indicating a weakening of the NN exchange couplings *J*~1~ and *J*~2~. Indeed, the FM and *p*(1 × 2)-AFM states are almost degenerate for this particular coverage as discussed above. For smaller \|*λ*\| close to the FM state, the spin-spirals are energetically unfavorable with respect to the AFM state. Contrary to the clean Fe/Ir(001), the DMI is sufficiently strong to stabilize a chiral magnetic ground state with the right-rotational sense. As we can see in [Fig. 3(c,d)](#f3){ref-type="fig"}, an energy minimum of ≈6.3 meV/Fe atom now appears for a right-handed chirality with a pitch of \|*λ*~0~\| = 0.75 nm. This energy minimum *E*~0~(*q*′) at is ≈7.8 meV/Fe atom lower than the FM configuration. For the same coverage (0.5 ML) but along direction, the DMI is also strong enough to compete against the other interactions to stabilize the spin-spirals (not shown). Note that the sign of DMI for Fe and Ir atoms at the Fe-Ir interface is the same, irrespective whether the frozen spiral propagates along \[010\] or \[100\] direction.

Another striking feature is the change of sign of DMI with respect to the clean reference Fe/Ir(001), as can be seen in [Fig. 3(d)](#f3){ref-type="fig"}, demonstrating the sensitivity of DMI and the exchange interaction to the oxygen overlayer. Layer-resolved calculations (not shown) indicate that the sign and magnitude of DMI are mainly ascribable to the large SOC of Ir surface and do not depend significantly on the 3*d*-Fe layer. However, although O-2*p* states are weakly spin-orbit coupled, they can dramatically modify the band filling and 3*d*-Fe 5*d*-Ir hybridization through symmetry breaking and charge transfer[@b47][@b48]. A similar effect has been reported for O/Gd(0001) interface by Krupin *et al.*[@b49]. This effect is illustrated by the increase of the Fe-Ir interlayer distance upon O adsorption, which weakens Ir-Fe hybridization at the interface and hence, reduces the exchange interaction, as seen in [Fig. 3(a,c)](#f3){ref-type="fig"}.

To get a better understanding in how the magnetic interactions are influenced by the presence of oxygen, we provide a complete picture of oxygen impact on the Fe exchange coupling and DMI interaction as a function of O coverage in [Fig. 4(a,b)](#f4){ref-type="fig"}. First, the exchange constants (mainly *J*~1~) are greatly reduced from 0 ML to 0.5 ML and the energy differences to other metastable configurations are significantly reduced. For instance, for ***q***′ = 0.75, the energy of the spin-spiral is reduced from 58 meV/Fe atom for 0 ML to −31 meV/Fe atom for half oxygen coverage. This indicates that the presence of oxygen even in the lower coverage can alter significantly the nature of the magnetic interaction of the entire system. However, for high coverage above 0.5 ML, the energy difference to the Neél state rises again with decreasing the period-length *λ* to about 72 meV/Fe atom for full monolayer, indicating a strong AFM-NNN exchange interaction. We should note that the spin-spiral state remains the global energy minimum for all coverages in the presence of SOC, the only exception being 1 ML where AFM is the ground state.

More intriguing is the behavior of DMI with respect to the O coverage. As displayed in [Fig. 4(b)](#f4){ref-type="fig"}, the sign of DMI which determines the handedness in Fe/Ir(001) interface, shows an oscillating behavior in the sequence of O coverage 0.25(+), 0.5(−), 0.75(+), and 1 ML(−), with a remarkable DMI reduction for half and full coverage. Since DMI is obtained within the first-order perturbation theory in SOC, it can be readily connected to the modification of the Fermi energy induced by the SOC. This energy shift is defined as , where *ε*~F~ and are the Fermi energies calculated with and without SOC, respectively. This energy shift *δε* is reported in [Fig. 5(c)](#f5){ref-type="fig"} for a spin-spiral of wave vector ***q***′ = 0.25. We observe that *δε* exhibits an oscillatory behavior when varying the oxygen coverage, consistent with the sign of DMI ([Fig. 5(b)](#f5){ref-type="fig"}). This explains the sensitivity of the magnitude and sign of ***E***~DMI~ on the details of hybridization between the transition-metal 3*d*-Fe, 5*d*-Ir, and 2*p*-O orbitals upon adsorption of the oxygen atoms, as mentioned above. This observation calls for a deeper analysis of the influence of O adsorption on the electronic structure of the system near the Fermi energy.

In order to further understand the trends found in [Fig. 5(b,c)](#f5){ref-type="fig"}, it is instructive to analyze the charge transfer and induced dipole moment (Dm), when O is adsorbed on the Fe/Ir(001) surface, as shown in [Fig. 5(a,b)](#f5){ref-type="fig"}. To understand the nature of the bonding, the charge density differences are calculated using , where *ρ*~Ir~(**r**), *ρ*~Fe~(**r**), *ρ*~O~(**r**), and *ρ*~tot~(**r**) are the charge density distributions of the Ir surface, Fe layer, O adatoms, and the conjugate system, respectively, each in the precise position they adopt in the adsorption system. The dipole moment *μ*(*z*) induced by O adsorption can be obtained by integrating the half-cell volume along the *z−*direction , where *z*/2 is half the length of the supercell, *c* is the distance from the topmost layer to the middle of the slab, and *n* is the number of adsorbed oxygen atoms per unit cell. Note that the planar averaged charge density difference is Δ*ρ*(**r**) integrated over lateral coordinates *x* and *y* for each *z* plane, as shown in [Fig. 5(a)](#f5){ref-type="fig"}.

We find interesting trends across the oxygen coverage considered in our calculations for which the strength and sign of DMI clearly correlate with the charge transfer and the induced electrostatic dipole moment. The electron transfer from the Fe layer to the oxygen adatom is significant and reflects the high electronegativity of oxygen. Indeed, the charge transfer depending on the oxygen coverage, it affects the position of Fe-3*d* levels with respect to the Fermi energy and controls by hybridization the band filling of the Ir-5*d* orbitals. Note that the lower surface dipole moment and consequently lower DMI at 0.75 ML is mainly due to the strong reduction of the repulsive electrostatic interactions between O adatoms. As a consequence, there is partial electron transfer back to Fe layer which leads to surface depolarization. This fact is clearly visible at the neighbors O (2--3) atoms in [Fig. 5(e)](#f5){ref-type="fig"} compared to 0.25 ML in [Fig. 5(d)](#f5){ref-type="fig"}. A similar effect has been reported for oxygen on transition metals by Zhang *et al.*[@b50]. Therefore, the occurrence of a charge accumulation and depletion on oxygen adatoms is very important in the context of the work function (see [Fig. 5(c)](#f5){ref-type="fig"}). Indeed, it plays an essential role to elucidate the tendency of the induced electric dipole moment and, thereby, the sign and magnitude of DMI change.

Discussion
==========

In summary, we have explored the impact of the surface oxidation on the magnetic texture in transition metal interfaces. In particular, we show that the DMI in Fe/Ir(001) interface can be controlled by oxygen adsorption, which changes the wavelength of the spin spiral and its rotational sense. Note that for an oxygen coverage of 0.5 ML, DMI is sufficiently strong to stabilize a chiral magnetic ground state of the right-rotating cycloidal spin-spiral. In addition, we demonstrated that the sign and strength of DMI depend strongly on the electric surface dipole moment induced by charge transfer and related hybridization between 2*p*-O and (3*d*-Fe, 5*d*-Ir) states around the Fermi level. We anticipate that these effects are not limited to oxygen but can be extended to other electronegative ions such as C, N, F, etc. Furthermore, this work suggests that the modification of the interfacial electrical polarization through controlled oxidation of capping insulating oxides (MgO~*x*~, AlO~*x*~ etc.) or, to some extent, gate voltages could efficiently tune the magnetic state of the underlying magnet. This demonstration paves the way towards the design of chiral magnetic properties through interface engineering, which offers promising perspectives in terms of electrical control of the magnetic chirality.
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![Competing magnetic exchange interactions and geometrical frustration in O/Fe/Ir(001).\
(**a**) Sketch of *p*(2 × 2) unit cell centered with respect to the oxygen adlayer coverage (upper row) and the magnetic structure (lower row). (**b**) Total energy per Fe atom relative to the FM state of each oxygen coverage, (**c**) magnetic moment of Fe atom, size of magnetic moments of O and Ir are less then 0.1 *μ*~*B*~, and (**d**) exchange constants as a function of O coverage on Fe/Ir(001).](srep24634-f1){#f1}

![Schematic representation of spin-spirals with different propagation directions q and spin-rotation axis R.\
(**a**,**b**) Néel-type in-plane and out-of-plane ( ), respectively and (**c**) Bloch-type with (**R** ∥ **q**). Note that the DMI vanishes for Néel-in-plane and Bloch-type due to symmetry arguments.](srep24634-f2){#f2}

![Energy dispersion of Néel spin-spirals in Fe/Ir(001) and O/Fe/Ir(001).\
(**a**) Spin-spiral dispersion energy including SOC for Fe/Ir(001) (Θ = 0 ML) propagating along direction of the 2D-BZ (see inset) (**c**) for O/Fe/Ir(001) (Θ = 0.5 ML) along direction. In (**a**,**c**) the energies are given relative to the AFM state. Contributions from Heisenberg exchange (blue line), (**b**,**d**) Dzyaloshinskii-Moriya interaction (SOC) (red line), and their sum (green line). According to the micromagnetic model, the energy dipersion of the spin spirals is vertically shifted with respect to the antiferromagnetic state due to the magnetocrystalline anisotropy .](srep24634-f3){#f3}

![Impact of the surface oxidation on the magnetic interactions in Fe/Ir(001).\
(**a**) The isotropic exchange-interaction energy *E*~0~(*q*′), (**b**) the Dzyaloshinskii-Moriya interaction energy Δ*E*~DM~(*q*′) for O/Fe/Ir(001) as a function of oxygen coverage Θ varying between 0 and 1 ML. The results shown in (**a**) are obtained without SOC. (**b**) The slope of this odd part at *E*(*q*′) = 0 determines the sign and magnitude of DMI. The green and yellow lines for 0.5 ML correspond to () and () directions, while black and gray lines for 0 ML correspond to () and (), respectively.](srep24634-f4){#f4}

![Correlation between Dzyaloshinskii-Moriya interaction (DMI) and the electric surface dipole moment (Dm).\
(**a**) Planar averaged charge density difference Δ*ρ*(*z*) for O adsorption on Fe/Ir(001) at different coverages. The dashed red, blue, and gray lines show the approximate equilibrium positions of the O, Fe and tompost Ir atoms, respectively, on the fully relaxed surface. O coverage dependence of the change in the surface dipole moment (Dm), DMI (**b**) and relative Fermi energy (**c**). Isosurface plot of the charge density difference Δ*ρ*(***r***) for 0.25 (**d**) and 0.75 ML (**e**), blue and red isosurface plots (1.2 × 10^−2^ *e*/Å^3^) represent the region of charge accumulation and depletion, respectively.](srep24634-f5){#f5}

###### The magnetocrystalline anisotropy energy (MAE) in meV per Fe atom for different oxygen coverages deposited on Fe/Ir(001) surface.

  Coverage (ML)     FM    *c*(2 × 2)--AFM   *p*(2 × 1)--AFM   *p*(1 × 2)--AFM
  --------------- ------ ----------------- ----------------- -----------------
  0.00             1.43        −0.56             2.15              2.15
  0.25             0.69        −1.21             1.44              1.44
  0.50             1.65        −1.77             −0.56             −0.10
  0.75             1.17        −0.03             1.22              −0.05
  1.00             3.65        1.37              1.43              −0.50

Negative (positive) values of the MAE indicate an out--of--plane (in--plane) magnetization.
